NH, Universidade Federal do ABC (UFABC), 09210-580, Santo André, SP, Brazill La1.5Ca0.5CoIrO6 is a re-entrant spin-glass (SG) that exhibits antiferromagnetic and ferromagnetic couplings at T ∼ 95 and ∼ 86 K, respectively, and at T ∼ 25 K a SG phase emerges. In this work we investigated the effect of hydrostatic pressure (P ) on La1.5Ca0.5CoIrO6 magnetic properties. By means of magnetization as a function of temperature measurements, carried under different applied pressures and/or magnetic fields, we have found that the freezing temperature of the SG phase exhibits an initial increase followed by a decrease with increasing P , and that the maximum P = 7.9 kbar was not sufficient to prevent the formation of the frozen state. Since the ordering temperatures of the antiferromagnetic and ferromagnetic phases are also affected by P , we discuss the results here found in terms of changes on the balance between the magnetic phases.
I. INTRODUCTION
Double-perovskite (DP) compounds, with general formula A 2 BB'O 6 [A = rare-earth/alkaline-earth, B and B' = transition-metal (TM)] are the subject of great interest since the discovery of high T C ferrimagnetic (FIM) and halfmetallic behavior on A 2 FeMoO 6 [1] and A 2 FeReO 6 [2] .Since then, many other interesting physical properties were found in this family of compounds, such as superconductivity [3] , multiferroicity [4] and glassy magnetic behavior [5] , the latter being strongly associated with disorder and competing magnetic interactions [6] .
Due to the intrinsic anti-site disorder (ASD) usually found at TM-sites on DP compounds, such class of materials frequently presents competing magnetic interactions and frustration, being thus prospective candidates to exhibit spinglass (SG)-like behavior. On La 1.5 Ca 0.5 CoIrO 6 , the ∼9% of ASD at Co/Ir sites leads to competing antiferromagnetic (AFM) and ferromagnetic (FM) phases emerging at temperatures (T ) ∼ 95 and ∼ 86 K, respectively. At lower-T , a SG-phase appears, whose existence concomitant with the AFM/FM phases makes this a re-entrant SG (RSG) material [7] .
The RSG behavior observed on La 1.5 Ca 0.5 CoIrO 6 is associated to the frustration of Ir 4+ , caused by the AFM coupling of Co ions. This compound also exhibits compensation temperatures and spontaneous exchange bias effect, which are believed to be strongly related to the delicate balance between the multiple magnetic phases and to the RSG. To better understand the role played by the magnetic glassiness on this compounds physical properties, it is important to study how the magnetic interactions affect the SG phase. For conventional SG materials, a natural step on this investigation would be to change the concentration of the magnetic ions. For instance, for the canonical CuMn and AuFe systems, which refer to the early works on SG, changing the concentration of Mn or Fe affects the distances between the magnetic ions, which in turn alter the exchange magnetic interactions and leads to significant changes on the SG properties [6, 8, 9] .
In the case of La 1.5 Ca 0.5 CoIrO 6 , doping on the TM sites is not the proper method of investigation because, due to the strong correlation between structural, electronic and magnetic properties observed on such class of materials, it would not be possible to determine which of these parameters would be most affected by the insertion of different TM ions. On the other hand, applying pressure (P ) is a suitable way to study how the magnetic properties of this SG material would be affected when the distances between the TM ions vary.
In this work we applied hydrostatic pressures on La 1.5 Ca 0.5 CoIrO 6 , up to 7.9 kbar, and investigated its effect on its magnetic properties. We have found that application of P leads to changes on the freezing-T of the SG spins (T f ). Since the ordering T of the AFM and FM phases are also affected by P , we discuss our results in terms of the imbalance between the magnetic phases caused by the approximation of TM ions. For each investigated P , we performed T -dependent magnetization curves [M (T )] curves under different applied magnetic fields (H) and observed that, even for the maximum applied P , T f varies with H according to the Almeida-Thouless equation [6, 10] , as expected for SG systems.
II. EXPERIMENTAL DETAILS
Polycrystalline La 1.5 Ca 0.5 CoIrO 6 sample was synthesized by solid state reaction in a conventional tubular furnace and air atmosphere, as described elsewhere [11] . Room-T X-ray powder diffraction confirmed the formation of a single phase monoclinic DP, belonging to P 2 1 /n space group.
The magnetic properties under pressure (P < 8 kbar) were investigated in a Quantum Design MPMS3 magnetometer. Hydrostatic pressure conditions were achieved on a Cu-Be piston-cylinder type cell. Silicon oil was used as pressure transmitting medium and the P value on the sample region was evaluated from the shift of the superconducting critical temperature of a small lead piece. For each P , we measured M (T ) curves with at least three different H according to the zero field cooled (ZFC) and field cooled (FC) procedures. We systematically followed the same protocol for the acquisition of any of the curves, i.e., the same T -and H-sweeping rates and so on.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the ZFC and FC curves for P = 1.1 kbar and 7.9 kbar, performed at H = 200 Oe. Both are very similar to that measured at ambient P [7] , with the presence of anomalies associated to the emergence of conventional magnetic phases, and a cusp at T ∼25 K that is ascribed to the freezing T of the SG phase. The curves obtained for the other pressures (not shown) are also very alike those observed on Fig. 1 .
Inset of Fig. 1(a) shows a magnified view of the 1.1 kbar ZFC curve close to the region where two anomalies at T 1 ≃ 94.1 K and T 2 ≃ 86.2 K are evidenced, being these associated to the AFM and FM couplings of the TM ions. This is again in accordance with the results found at ambient P [7, 12] . However, one can note changes for the 7.9 kbar curve in relation to the 1.1 kbar one. Not only the slope of the curve varies, but also the temperatures of the magnetic transitions. This becomes more evident on Fig. 1(b) , which displays the T 1 and T 2 values found for all investigated P s. Interestingly, T 1 and T 2 vary differently with P . While T 2 firstly increases and subsequently decreases with increasing P , T 1 goes through a great decrease from 1.1 k to 3.2 kbar. These results give clear indicative of the influence of P on the magnetic couplings between the TM ions, which alter the magnitude of the AFM and FM magnetic phases. Since the peculiar magnetic properties observed for this material are related to a delicate balance between the multiple magnetic phases present on it, these changes certainly affects the SG state.
For P = 0.3, 1.1 and 7.9 kbar, it was performed magnetization as a function of H [M (H)] curves at T = 4 K, with a maximum applied H of 70 kOe, measured after cooling the system in zero H. Figure 2 shows the M (H) loop for P = 7.9 kbar. This curve is very similar to that found for ambient P measurements [7] , indicating that even the maximum applied P was not sufficient to suppress the formation of any of the magnetic phases present in the system.
Here we must stress that all measurements were performed with La 1.5 Ca 0.5 CoIrO 6 sample together with a Pb sample used as a sensor for P . Since it was not possible to measure M (H) curves only for Pb in order to subtract its contribution to the magnetization (i.e., we could not measure only Pb at the same P used to investigate La 1.5 Ca 0.5 CoIrO 6 ), and taking into account that the variations on the M (H) curves obtained with different P are visible but small, one could not extract reliable quantitative information concerning the variation of some parameters with P , as the remanent magnetization and coercive field. The same argument holds for the M (T ) curves, for which it was observed interesting changes on the magnitude of the cusps related to the magnetic transitions. Despite the fact the magnetic signal of our La 1.5 Ca 0.5 CoIrO 6 sample is of the order of ∼10 −2 emu while the signal of Pb together with the P cell is of ∼10 −5 emu, one can not state for sure that the variations on the magnitude of magnetic signal are related with changes in La 1.5 Ca 0.5 CoIrO 6 mainly.
As described above, application of pressure affects the magnitude of the AFM and FM phases present on La 1.5 Ca 0.5 CoIrO 6 . Since the magnetic properties of the material are known to result from a delicate balance among these phases, the changes driven by P certainly affects the SG phase. Figure 3 shows T f as a function of P for the three applied H. As it can be seen, all curves present basically the same trend with an initial increase, followed by a decrease, of T f with increasing P . This behaviour resembles those found for the early SG systems such as Au 1−x Fe x and Eu x Sr 1−x S [6, 13] , for which the increase on the concentration of the magnetic ion acts as a chemical pressure, shortening the distance between them. On the ascending branches of the three curves on Fig. 3 , the rate of T f variation with P , dT f /dP, could be estimated to vary from ∼50 to ∼150 mK/kbar, lying thus within the range expected for SG systems with single spin-spin exchange interactions [14] . The increase and subsequent decrease of T f with P is also similar to the effect of chemical pressure observed on the phase diagram of Fe x Mg 1−x Cl 2 [13, 15] . For this material, the Fe to Mg substitution affects the AFM and FM interactions present on the system, leading to the initial increase of T f . On the other hand, the Fe/Mg different ionic radius also leads to structural deformation on doping. One can conjecture an analogous situation for La 1.5 Ca 0.5 CoIrO 6 , where hydrostatic pressure affects the crystal structure as well as the magnetic coupling between the TM ions.
In order to further investigate the effect of P on the magnetic interactions present on La 1.5 Ca 0.5 CoIrO 6 , we have performed for one selected P = 5.5 kbar M (T ) measurements with H = 750 and 1250 Oe, besides the 200, 500 and 1000 Oe above described. It was found a monotonic decrease of T f with increasing H, as seen on Fig. 4(a) . It can also be noted a reasonable linear dependence of T f with -H 2/3 . This is an expected feature of SG systems, according to Almeida-Thouless theory, which predicts a relation of the form [6, 10, 13] 
where the A parameter is related to the net magnetic interactions between the spins (J). Figure 4 (a) displays the best fit of Eq. 1 to the experimental data, where can be observed that the Almeida-Thouless (AT) equation describes the results properly. For the other applied pressures, although the fact they were investigated for only three different H, one could also obtain good agreement of the results with Eq. 1. Thus, one can state that the magnetic glassiness of La 1.5 Ca 0.5 CoIrO 6 remains even for the largest P here investigated. Figure 4 (b) shows the evolution of A parameter as a function of P . Interestingly, it follows a similar trend to that observed for T f , which in turn is related to the evolution of the AFM and FM ordering temperatures as a function of P . Bearing in mind that A is directly related to the net coupling between the magnetic ions present in the system, one can state that our results can be understood in terms of the impact of hydrostatic pressure on the exchange interactions among the TM ions, and its consequent influence on the balance between the AFM and FM phases. One can also make an analogy between the curves of Figs. 3 and 4(b) with the T -J phase diagram of Sherrington-Kirkpatrick theory for Ising SG systems [6, 13] . On this archetypal phase diagram, the SG phase keeps stable at T < T f (with T f nearly constant) up to a certain critical J value, after which T f continuously decreases. Once again, a relation is made between external pressure and the effect of chemical substitution on canonical SG systems. However, the highest applied pressure in the study here reported was not large enough to prevent the formation of the frozen state on La 1.5 Ca 0.5 CoIrO 6 . 
IV. CONCLUSION
In conclusion, we have investigated the effect of hydrostatic pressure on the magnetic properties of La 1.5 Ca 0.5 CoIrO 6 . Our results indicate that changes on T f are related to variations of the AFM and FM conventional magnetic couplings, caused by P . From M (T ) measurements performed under different H, we have observed that, even under the effect of P , T f evolves with H in accordance to the AT equation, as expected for SG systems. These results show that even the highest P here achieved (7.9 kbar) was not sufficient to prevent the emergence of the SG phase at low-T . An analogy can be made between the effect of pressure on La 1.5 Ca 0.5 CoIrO 6 and the chemical substitution on canonical SG materials, for which the insertion of magnetic ions have the effect of a chemical P , shortening the distances between the magnetic ions.
